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ABSTRACT

Many RNP proteins contain one or more copies of the
RNA recognition motif (RRM) and are thought to be
involved in cellular RNA metabolism. We have
previously characterized in Xenopus a nervous system
specific gene, nrpl, that is more similar to the hnRNP
A/B proteins than to other known proteins (K.Richter,
P.J.Good, and l.B.Dawid (1990), New Biol. 2, 556- 565).
PCR amplification with degenerate primers was used
to identify additional cDNAs encoding two RRMs in
Xenopus. Three previously uncharacterized genes were
identified. Two genes encode hnRNP A/B proteins with
two RRMs and a glycine-rich domain. One of these is
the Xenopus homolog of the human A2/B1 gene; the
other, named hnRNP A3, is similar to both the Al and
A2 hnRNP genes. The Xenopus hnRNP Al, A2 and A3
genes are expressed throughout development and in
all adult tissues. Multiple protein isoforms for the
hnRNP A2 gene are predicted that differ by the
insertion of short peptide sequences in the glycine-rich
domain. The third newly isolated gene, named xrpl,
encodes a protein that is related by sequence to the
nrpl protein but is expressed ubiquitously. Despite the
similarity to nuclear RNP proteins, both the nrpl and
xrpl proteins are localized to the cytoplasm in the
Xenopus oocyte. The xrpl gene may have a function
in all cells that is similar to that executed by nrpl
specifically within the nervous system.

INTRODUCTION

RNA binding proteins are involved in various aspects of RNA
metabolism in the cell including RNA stability, RNA processing,
and translation (1). A subset of the RNA binding proteins form
a family that is identified by one or more copies of an 80-90
arnino acid motif named the RNP motif or RNA recognition motif
(RRM); the RRM has been shown to mediate RNA binding by
these proteins (for review see ref. 2). This motif contains two
conserved regions, an octapeptide RNPl and a hexapeptide RNP2
(3,4). Many of the genes encoding RRMs are expressed in all
or most cell types, but some appear to have a tissue specific or
developmentally regulated function (3,5 -10).
The heterogeneous nuclear ribonucleoproteins (hnRNPs) are

defined as proteins that associate with hnRNA (pre-mRNA) in

the nucleus. A family of core hnRNP proteins, the A, B and C
type proteins, have been described as forming a complex with
hnRNA (11); cDNAs encoding such proteins have been isolated
from mammals (12-15), frogs (16,17), and insects (18-23).
These proteins contain either I (type C) or 2 (type A/B) copies
of the RRM in addition to auxiliary domains. The sequence of
the two RRMs of hnRNP A/B proteins is conserved such that
the first RRM is more closely related to the first RRM of other
proteins than to the second RRM of the same protein (4,19,21).
This conservation implies that the two RRMs have maintained
distinct protein structures, presumably for specific functions such
as preferential binding to distinct classes of RNA sequence
(24-27). The original view of the role of core hnRNPs held
that they are involved in packaging of newly transcribed RNA
(11,28), but recent experiments suggested that these proteins also
have a role in RNA processing (29-34).

Previously, we identified a gene, nrpl, that encodes a protein
that is more similar in sequence to the hnRNP A/B proteins than
to other previously described proteins (6). The nrp 1 protein has
a similar domain structure as the hnRNP A/B proteins with two
RRMs in the amino terminal half. The nrp] gene is specifically
expressed in the nervous system of Xenopus, except for a maternal
RNA component accumulated in the egg. During development,
nrp] is expressed in the neurectoderm after neural induction, and
later is localized to the ventricular zone of the tadpole brain, a
region where cell proliferation takes place (6,35).
We report here the use of PCR amplification with degenerate

primers to isolate cDNAs related to both nrp] and the type A/B
hnRNPs from Xenopus. This screen identified three previously
unreported genes. One is the Xenopus homolog of the mammalian
A2/B 1 gene, and another is related to both the Al and A2/B 1
genes. The third gene, named xrpl, is similar to nrpl, yet is
expressed in all cells and tissues of Xenopus that were tested.
In Xenopus oocytes injected with either protein or the
corresponding mRNA, the nrp 1 and xrp 1 proteins are localized
to the cytoplasm.

MATERIALS AND METHODS
Isolation ofPCR fragments from cDNAs encoding two RRMs
PCR amplification with degenerate primers was performed on
cDNA template from either an embryonic stage 24/25 library
or an adult brain library as described previously (36). Fully
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Figure 1. Domaini structLlrC of a genicli RNl' proteini (3) sith twvo RNA
recoenition motifs (RRN\s). (A) The box r-eprescits the cntire protcil with the

stipplcd boxes being the RRMs: the relative locations of RNPI 1tand RNP2
consensus sequences (2.4) are indicated. This figur-e is niot drawn to scale. (B)
Location and sequenice of consercvd aiminlo atcids uLsed to desisn dcgenicratc PCR
prit77ers.

degenerate primers corresponding to conserv-ed amiino acid

sequences (Fig. I) were synthesized that included an EcoRI site
at their 5' ends. The relevant amplified bands wxere identified
by size, gel purified, and inserted into the EcoRI site of
pBluescript KS(+). About 1000 of the resulting colonies w!ere
screened as described in Results.

Isolation and sequencing of cI)NA inserts

Specific oligonucleotides were synthesized fobr the A2. A3 and

.v7p! genes and used to screen cDNA libraries for- full-length
cDNAs. Initially, a XZAP (Stratagene) cDNA library of RNA
isolated from Xeuioplus XTC cells was screened and the inserts
subcloned by helper phage-induced recombination. For X;7p1I one

insert, xrpl-3, was sequenced and is 1774 bp long, similaI in

size to the xrp I mRNA detected on northern blots, and ends in

a stretch of polyA (Accession # L02953). For the hnRNP A2.
four cDNAs were sequenced and two classes of cDNAs
(A2-7/A2-9 and A2- I 0/A2- 11 ) were identified, presuimiablV
representing both copies of the hnRNP A2 gene present in the
pseudotetraploid Xeuiopius laevis. Inserts A2-7 and A2-1 were

sequenced on both strands with specific primeis as described
above. Inserts A2-9 and A2-10 were sequenced on one strand
except where the sequence differed from insei-ts A2-7 and A2- 11.
respectively. In these areas. the opposite strand wvas also
sequenced. For the hnRNP A3 gene, a sinigle cDNA was

sequenced and appeared to be a partial cDNA; a stage 24/25
embyronic cDNA library (35) was screened foI- full-length inserts.
Three inserts of about 1.6 kb (A3-13. A3-16. and A3-17) were

subcloned and sequenced on both strands and encode the entire
presumed A3 protein. Two insei-ts are identical in sequence

(A3-13 and A3-17) while the other insert (A3-16) differs slightlv:
again these two classes of cDNAs probably represent the tw!o
copies of the hnRNP A3 gene. All sequences were analyzed with
the GCG package of computer prograims (37).

Northern blot analyses
Northern blots of tissue and embryonic RNAs were pertormend
as described previously (36,38). FoI the xrp1. nrp1, and hnRNP
Al probes, the entire cDNA was used as a probe and the blots
were washed under stringent conditions (0. 1 x SSPE. 0. 1 SDS:
65°C 2 x 15 min). For the hnRNP A2 and A3, specific probes
were made from restriction fragments of the 3' untranslated
region. Blots were stripped of probe by washing twice wvith 10
mM Tris-Cl (pH 8.0), 1 mM EDTA, and 0. 1 % SDS at 95°C
for 10 min followed by washine writh the samie solution at room

The approptriate inserts were subelonecl inito the EcoRI sitc of

the plasmid pSD3. a vector that allows the synthesis of RNA
with a polvA tail by SP6 RNA polynmerlase (39). The hniRNP
Al insert is from plasmid pXIA lt1 ( 17. Capped RNA was

svnthesized by includin(g a >-5old excess of 7"eGpppG in the
transcription reactionis (Promega). Follo\\ing DNase treatmiienlt.
RNA was translated according to the manulfactur-er's instructions
in a r-abbit reticulocvte lN sate (Promeca). Pr-oteills Wer'e labeledl
by incorporation of -S-methionine electr-ophoresed on 10%
SDS/ polvacrylamiIide gclIs, aLnd detected h\ ALtl adlidographyv

Epitope-tagged version of oirpl
Ito milake anl epitope-taggedl \versioin of nrt-p 1. a primiier was

synthesized that encocdcs 12 aLa of1aII c epitopc (40) at its 5'
end and 18 nt of InIpl sequence beginninglA,with the first AUG
codon at its 3' end. This primner was used with an antisense primer-
from the 3' UTR of nrp I to aimiplif\ la miiodified nip 1 insert, and

this DNA was inserted into pSD3.

Xenopu.s oocyte injections

In vitro translation products labelcdl with `S-methionine were

purifiedt and equilibratec with injction buffer bV ulttrafiltration
(Amicon Centriconi 10). Samiiples ot either capped imRNA (30
nl of 0.5 jqg pd) or in vitro translated proteins (30 nl) were injected
into the cytoplasm of stage VI oo0ctes (41). Protein-injectedl
oocytes wvere harvested after 6h at 1 8' C RNA-inljected oocvtes
Were labeled by incubation with >`S-nmethionine (I mCi/t;ml in

OR2) beginning 4h after injection aLd then harvested aftei- 24h
att 18'C. Oocytes were nmanually dlissectedl into cytoplasn and
nuclear (GV) fractions. the proteins extracted. and (analysed on

SDS/polvacr-vlanmide ,eels (42_)

Primers for PCR and librarv screening
PI
,)

p_

Xl Al
\Irp-

Xl A2
XI A3

GGAATTCCGGNTTLC.T IGGNTT{C . rF GTNAC
GG,AATTCTG[C.T NTNG-F\A Gj(t I IGNGA[ClI IC'C
GGAATTCCNCC'NACIG. A) AANA[ A,G.TIIC.TITTIC.T]Tl-
GGAATTC'ACCCG. A]AA[C.-ItG C.'TI'JT'( .A AA[G-.A1'TA
GGACCAAGCGGGAGTCiGA(CAAAG
TTCCTCT.AGGC'CTGGTF,CAC' .ACi'
AATCC--GCAA\GTCTAC(AlI-
CATGAATGA,AGTTGACG(.C\A(,

'AC.A A+AGTrG,AT GG( (''(,

RESULTS
PCR amplification of genes encoding proteins with two RRMs

Since the spacing of RRMs is invariant in hnRNP proteins with
tw o RRMs (Fig. ) we expectecd to aLmplits DNA of a disci-ete
size troIml RNAs that encode at least two RRMs b\ using priimiers
that span an RRM boundary. We aligned the available vertehrate
and Drosophila hnRNP A/B proteiin sequenices with the irp1l
protein and designed degenerate PCR primeI-s based on conserved
regions within the fiI-st anid secon1d RRMs (Fig lB). All
combinations of these primners were Lised to amplify DNA fromil
either embry-onic or brain cDNA. aind the products of the coriect
size were inserted into ai plasmiild vector. Initially. 48 randomly
picked plasmids were sequenced tot detcirine the identitv and
distribution of different sequenIces. Most inserts wvere either
hnRNP Al or nr-p SeCCuLenlces. Next. Cain ordered array of 960

A
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Figure 2. Comparison of the nrpl and xrpl protein sequences. The sequences were aligned with the GCG Gap program and the alignment optimized by hand.
The lines between the sequences indicate identity, the dots represent gaps. The locations of RNPI and RNP2 are indicated.

plasmids was screened by hybridization with the PCR fragment
to identify plasmids with inserts, and counterscreened with
oligonucleotide probes specific for hnRNP Al and nrpl to
eliminate plasmids containing these abundant cDNAs. The
remaining 145 inserts were sequenced. A total of five genes were
identified. Two of these, hnRNP Al and nrp 1 were known; the
three remaining genes are described below.

A sequence related to nrpl
One set of PCR fragments were similar, but not identical, in
sequence to nrpl. We named the corresponding gene xrpl for
Xenopus RNP protein. A full length cDNA (see below and
Materials and Methods) derived from the xrpl gene was isolated
and sequenced. The predicted xrpl protein shares extensive
sequence similarity with the nrpl protein in the RRMs and also,
to a lesser extent, in the carboxy terminal tail (Fig. 2 and Table
1). The major difference between the two proteins are
insertions/deletions, resulting in a length of 406 aa for xrpl as
compared to 347 aa for nrp 1. Whereas the tail of the core hnRNP
A/B proteins is highly enriched for glycine, the tail of xrpl, as
that of nrpl, shows no such enrichment although the frequency
of glycine, alanine, tyrosine, and proline is about twice that of
an average Xenopus protein. While there is little sequence
similarity, this composition is somewhat reminiscent of that in
the tail domain of the Drosophila hnRNP hrp48. 1 (21).

Sequences related to the human hnRNP A2/B1 proteins
Two different sets of PCR fragments were closely related to the
human hnRNP A/B sequences. Four apparently full-length
cDNAs were isolated corresponding to one set of PCR products
and the predicted protein was most similar to the human hnRNP
A2/B1 proteins (Fig. 3, Table 1). The human A2/B1 proteins
are most likely products of alternative splicing of one transcript
(13); we refer to the predicted frog protein as Xenopus hnRNP
A2 because the sequence of the amino terminus, where the human
A2 and B 1 proteins differ, is identical in all of the four predicted
proteins to the A2 protein. To search for the expected B 1-like
RNA in Xenopus, we carried out PCR amplification with primers
flanking the site where A2 and B 1 isoforms differ. DNA from
cDNA libraries of st I & II oocytes, stage 24 embryos, and brain
was used as template. Only the product corresponding to the A2
isoform was observed (data not shown), suggesting that the B 1

Table 1. Percent identity between regions of different proteins containing two
RRMs.

nrpl xrpl Xl A2 Hu A2 Xi Al Hu Al

nrpl

xrpl

Xl A2

Hu A2

Xl Al

Hu Al

Xl A3

XI A3

81 41 41 40 39 39

56 40 40 39 38 40

12 18 \ 93 78 78 78

13 21 84 77 78 78

09 14 51 50 90 81

13 18 47 50 67 84

13 17 49 49 55 58

Comparisons prepared by the Pileup and Distance programs of the GCG package
are presented. Numbers above and below the line are comparisons of the RRM-
containing amino terminus and the carboxy terminus, respectively. The protein
sequences are described in Figures 2 and 3; Hu A1 is from ref. 15

isoform may not exist in Xenopus. Xenopus laevis is a
pseudotetraploid organism with two non-allelic copies of most
genes; these copies are very similar but not identical, and usually
both are expressed (43). On the basis of nucleic acid sequence
we conclude that two of the hnRNP A2 cDNAs (A2-7 and A2-9;
accession # L02954) represent one copy, while the other two
cDNAs (A2- 10 and A2- 11; accession # L02955) represent the
other copy. These cDNAs are 92% identical at the nucleic acid
level while the predicted proteins are 95% identical.

Protein isoforms of the Xenopus hnRNP A2 protein
The four hnRNP A2 cDNAs each encode different protein
isoforms. Two of these different isoforms are due to the presence
of two copies of the gene in the pseudotetraploid Xenopus laevis
genome, as described above. A more substantial difference
appears to result from alternative splicing. Within the glycine-
rich carboxy terminus, the A2-7 and A2- 11 proteins line up with
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Figure 3. Comiiparison of the Xenopus and humiian hnRNP A B protein sequences. The sequences cre aligned and displayed as describcl in the Iegend to Figure 2.
Hunan A2 (Hu A2; ref. 13), Xenopus Al (Xl Al; ref. 17). The prtein sequences for the Xenopus A" and A3 proteinSarc translated t'rom DNAs A2-7 and A.3-16
respectively.

the human hnRNP A2 protein (with the exception of an occasional
single amino acid deletion or substitution) (Fig. 4A). However.
the A2-9 and the A2-1O proteins have a 34 aa deletion and a 12
aa insertion, respectively, at the identical location relative to the
human hnRNP A2 protein. In vitro translation of mRNA
transcribed from these cDNA clones demonstrates that the A2-9
and A2-10 cDNAs encode isoforms with different molecular
masses from the A2-7 and A2-1 I cDNAs, consistent with their
sequence (Fig. 4B). This result also shows that the A2 isoforms
are translated as efficiently as the Xeniopus hnRNP Al and A3
proteins. Multiple isoforms of a similar nature, differing within
the carboxy terminal domain, are seen in the Xeniopus nrpl (6).
Xeniopus hnRNP Ala/Alb (17), human hnRNP Al/Al0 (44),
Drosophila hrp4O.1/hrp4O.2 (21), and human hnRNP C1/C2
proteins ( 13).

A novel hnRNP A/B protein
The sequence of the second set of PCR fragments was closely
related to but distinct from both the Xeuiopus hnRNP Al and A2
sequences; we named this gene the hnRNP A3 gene. Three nearly
full-length cDNAs were isolated; two inserts, A3-17 and A3-13,
represent one copy of the A3 gene (accession # L02957). While
both these cDNAs encode the same protein and have 3' terminal
polyA stretches, the A3-13 insert ends 76 nt upstream of the
A3-17 insert; both polyA termini are preceded by a canonical
AATAAA polyadenylation site. Presumably, these cDNAs
represent mRNAs with altemative polyadenylation sites. The third
plasmid, A3-16 represents the other tetraploid' copy in the
Xeniopus laevis genome (accession # L02956). These two copies
of the hnRNP A3 cDNA are 94% identical at the nucleic acid
level, while the encoded proteins share 96% identity.
Comparisons between the hnRNP A/B class proteins (Fig. 3.

Table 1) show that sequence identities are higher in the RRMs
than in the tail domains, yet these proteins also share substantial
homology in the tail. Both hnRNP A2 and A3 have glycine-rich
carboxy terminal domains characteristic of the type A/B proteins.
As is common among members of most protein families,

Figure 4. Multiple protein isotorms encoded by the hnRNP A2 gene. (A) Sequence
in the relevant region of the predicted pi-otein t'romii different A2 cDNAs. The
first t'our sequences are protcins encoded by cDNAs described in the tcxt with
# 7 and # 9 corresponding to one copy and # 10 and # 1 I corresponding to the
other copy of the A2 gene in the pseudotetraploid X. locvis genoelle. The sequence
labeled hu corresponids to humiian A2. Dots indicatc gaps. The numbering refers
to the sequence of the A2-7 predicted protcin. (B) Synthetic RNAs encodilng the
Xenopus hnRNP Ala (17). A3 (fronm the A3-l6 cDNA). and four A2 cDNAs
listed under (A) were translated in vitro as dcscribcd in Materials and Methods.
The protcin products were clectrophorescd on 10%(7 SDS polvacrylamidc gels;
BMV is Brome Mosaic Vims RNA used as control.

homologs in different species (e. g., frog and human A2 proteins)
are more similar to each other than even closely related family
members within the same species (e.g., frog Al, A2, and A3).
The basis for classifying the Xenopus A3 protein as distinct is
also apparent from Table 1; A3 is no more similar to Xeniopus
Al and A2 than it is to human Al and A2. Therefore it is possible
that a mammalian A3 homolog, remains to be discovered.
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Figure 5. Dendrogram of a multiple sequence comparison of various RRM-
containing proteins. Sequences derived from selected RRM-containing proteins
were compared using the PILEUP program of the GCG package. The branch
lengths are proportional to the similarity between sequences. The references or

accession numbers are: Xl (X.laevis) hnRNP Cl (16), Hu (human) hnRNP L
(57), Dr (Drosophila) ELAV (9), Hu Br RNP (7), Dr SXL (10), Xl PABP
(M27072), Hu ASF-1 (M72709), Dr HRP40.1 (21), Hu RNP AB (46), Hu hnRNP
A2 (13), Xl hnRNP A2 (this paper), Hu hnRNP Al (15), Xl hnRNP Al (17),
Xl hnRNP A3 (this paper), Dr HRB98 (18), Dr HRB87 (19), Ce (Caenorhabditis
elegans) RBPI (45), Dr RB97 (54), Xl XRPI (this paper), Xl NRPI (6), Dr
HRP48.1 (21), and Xl Nucleolin (X63091), Xl Ul 70K (X12430), Hu pr264
(X62447), Dr TRA2 (M30939).

The relationship of these newly-identified proteins to other
RRM-containing proteins is demonstrated by a pairwise
comparison presented in Figure 5. The hnRNP A2 and A3
together with hnRNP Al form a subgroup of hnRNPs distinct
from but related to Drosophila hnRNPs (19,21), the
Caenorhabditis elegans rbpl protein (45), and the human RNP
AB (46). Both nrpl and xrpl are most similar to a Drosophila
hnRNP protein hrp48. 1 (21), with all three proteins being most

similar to the hnRNP A/B class. Other RRM-containing proteins,
including the nervous system-specific Drosophila elav (9) and
human brain RNP (7) proteins, are more distantly related to both
the hnRNP A/B and the nrp/xrp proteins.

Conserved 3' untranslated region of the hnRNP A2 mRNA

A comparison of the 3' untranslated region (UTR) from the
human and Xenopus A2 hnRNP mRNAs indicates a surprising
degree of similarity (83% identity) between these sequences over

a length of approximately 500 nt (not shown). Comparing the
3' UTR of the hnRNP Al and Cl mRNAs from human and

Xenopus reveal no similarity above random, although the 3'
UTRs from rat and human hnRNP Al are highly conserved. In

addition, a comparison of the 3' UTR of the human and Xenopus
poly(A) binding protein also indicates a strong sequence similarity
(75% identity over 400 nt of 3' UTR comparing accession
# Y00345 to # M27072). This conservation of sequence within

Figure 6. Expression of the xrp] gene. (A) Northern blot with 10 pg of RNA
from different adult tissues probed with an xrpl cDNA probe. XTC. XTC cell
line; Br, brain; Sp, spleen; He, heart; Lu, lung; Mu, skeletal muscle; Pa, pancreas;
Li, liver; St, stomach; Te, testis; Ov, ovary; Sk, skin; Ki, kidney. (B,C) Total
RNA (10 pg) from staged embryos was analyzed by Northern blots probed with
either the xrpl (B) or nrpl (C) probes. The lanes are labeled with the embryo
stage. Migration of 28S and 18S RNA is indicated at left.

the UTR implies a functional role in regulation of mRNA stability
or translation.

Expression pattern of the xrpl gene
To determine if xrpl is expressed in a tissue-specific manner,
a northern blot containing RNA from different adult tissues was
probed with an xrpl cDNA probe. An approximately 1.8 kb RNA
is detected that is present in all tissues tested, including XTC
cells (Fig. 6A). This contrasts with the nervous system specificity
of its close relative nrpl (35). Northern blots with RNA from
different developmental stages indicated that xrpl is expressed
throughout development, increasing in levels after neurulation
(Fig. 6B). This increase paralleled the increase in RNA levels
seen for nrpl (Fig. 6C). The abundance of the xrpl RNA is at
least 5-fold less than that of the nrp 1 RNA as seen from
comparative northern blots (data not shown).

Coordinate expression of the hnRNP A/B genes
RNA blotting showed that the hnRNP Al, A2, and A3 genes
are expressed maternally and throughout embryogenesis (data not
shown). All three genes are expressed in all adult tissues that
were tested, although some quantitative variations in expression
level are seen (Fig. 7). For all three genes, the ovary and late
embryonic stages contained the highest level of RNA, suggesting
a requirement for hnRNP proteins during rapid cell proliferation
(embryogenesis), or in preparation for proliferation (oogenesis).
This result is consistent with expression of hnRNP genes in
Drosophila (18,19) and with the observation that hnRNP protein
levels are high in proliferating cells (47). Direct comparisons
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Figure 7. Comparison of Xenioplns hnRNP A 'B gene expression in different adult
tissues. Northern blots containing 10 pg of total RNA were probed with (A) the

complete hnRNP Al cDNA. (B) the 3' UTR of the hnRNP A2 eDNA. and (C)
the 3' UTR of the hnRNP A3 cDNA. Tissues are indicated as in Fiur-e 6: Em
is RNA from stage 16/17 embryos.

between these RNAs indicate that the hnRNP A3 gene is

expressed at approximately 10-fold lower levels than the hnRNP
Al or A2 genes, which are expressed at similar levels (data not

shown). Thus, since the mRNAs are translated at equivalent
efficiencies (Fig. 4), the hnRNP A3 protein is a minor component
of hnRNP complexes.

All A/B class hnRNP gene probes detected multiple RNA
species in all adult tissues. Two Al RNA species are seen,

approximately 1.4 and 1.7 kb. The predominant A2 RNA species
is approximately 1.9 kb, with a minor RNA of about 3.2 kb.
Two RNAs of 1.7 and 2.4 kb are detected with the A3 gene-

specific probe. Small variations in mobility of RNA species

between lanes is a gel artefact since the same filters probed foI
Xenopus elongation factor- 1 (x demonstrate parallel variations (data
not shown). While the nature of these additional RNA species.

whose ratio varies with tissue type, is not known, these
differences may be the result of alternative polyadenylation as

seen in human Al (15) and Drosophila Hrb98DE (18) and
Hrb87F (19) mRNAs.

Cytoplasmic localization of the nrpl and xrpl proteins
The similarity in sequence of both the nrpl and xipl proteins
to the core hnRNP A/B proteins suggested that these proteins
may be hnRNP proteins involved in nuclear RNA processing.

To test this hypothesis, we examined the intracellular localization
of the nrp 1 and xrp 1 proteins in Xeniopus oocytes by two separate

experiments (Fig. 8). First, labeled proteins synthesized in vitro
were injected into the oocyte cytoplasm, and after an incubation
of 6h the oocytes were fractionated into nucleus (germinal vesicle
or GV) and cytoplasm. As expected, the majority of the injected
hnRNP Al protein migrated into the nucleus. However, neither
nrpl or xrpl protein was found in the nucleus, even though the
proteins appeared quite stable in the oocyte (Fig. 8A). When A
and xrp proteins were coinjected, each behaved as it did in singrlv

Figure 8. Localization of nrpi aind xi-pl proteins in Xenol,p'.. oocytes.
AutoradioL,ram of protcins from injected stage V oocvtes extracted tromii whole
xvtes (total) or manually dissected nucleai- (GV) ind cvtoplasmic (Cyto) frictions.
(A) 0ocvtcs were injected with the indicatcd ihelcd pi-oteins andl anal sed a,s
described in Materials and Methods. Aftcr incub ition otr 6 hi- thc proteills werC
sep nraIted hy e,cl clectrophoresis. (B) ()ocytes wetr injcctcd x ith miiRNA
svnthesizcd in vitro that encode the indticated proteins. Atter labeling the oocvtes
with S-methionine. proteins Nerc sepaIrated hy clcctrophorcsis. Fhc rnrpIl
mRINA is translated into both the cpit(pc-trp1T lfusion protein (nrpl*) aind the
natural nrp protcin, viclding two closely-spaced haTnds. The nmigrationi of the
hnRNP Al and the nrpl proteins is indicated.

injected ooytes. In the second approach, synthetic mRNAs were
injected into oocytes. the proteins labeled by incubatioin with
35S-methionine, and the oocvtes dissected into nuclear and
cytoplasmic fractions; the products were then analyzed by gel
electrophoresis. We used an epitope tagged Nersion of nrp 1 for
this experiment (see Materials and Methods) because this RNA
was translated more efficiently than unmodified nrpl or xrpl
mRNA. Again, hnRNP Al was efficiently transported to the
nucleus as expected; in contrast, the efficiently translated nrpl
protein remained in the cytoplasm and could not be detected in
the nuclear fraction (Fig. 8B). Similar results were obtained for
xrp 1 translated from its mRNA after injection in the oocyte (data
not shown). We conclude that, at least in the Xenioplus ooctye,
both nrpl and xrpl are cytoplasm-nic proteins.

DISCUSSION
Isolation of cDNAs for proteins containing two RR-Ms from
Xenopus
The use of PCR amplification with degenerate primers enables
one to identify and isolate Tenes that share various degrees of
similarity. With this approach we have isolated eDNAs
corresponding to three previously unrepor-ted genes encoding
putative RNA binding proteins in Xenopu,s. All three predicted
proteins contain two RRMs, as expected firom the design of the
PCR primers. We do not feel that this was an exhaustive search
for cDNAs encoding RNA binding proteins with two RRMs in
Xeniopus. since the approach used is subject to several variables
including the match of the primei-s to the actual sequence, and
the abundance of the target cDNA. A different PCR screen fotr
RRM sequences from Drosophila and plants yielded several
distinct sequences (23,48).
The three genes identified here include the Xenopus hnRNP

A2 gene, a gene encoding a putative core hnRNP protein named
A3, and the .vpl gene that is similar to the previously studied
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nrpl gene. All three predicted proteins have the same domain
structure characteristic of hnRNP A/B proteins. The predicted
hnRNP A2 and A3 proteins also share extensive sequence

similarity, not only within the conserved RNP1 and RNP2
sequences but throughout the RRM. In addition both proteins
share glycine-rich tails with other hnRNP A/B proteins. Given
its similarity to other core hnRNP proteins and its ubiquitous
tissue distribution, A3 most likely is a core hnRNP protein. In
contrast, the predicted xrpl protein, along with nrpl, is similar
to the hnRNP A/B proteins mainly in the conserved RNP1 and
RNP2 sequences and in a few other residues, while the carboxy
terminal domain does not contain a single predominant amino
acid.

Cytoplasmic RNP proteins expressed in Xenopus
The xrpl gene is closely related to the nervous system-specific
nirpl gene yet is expressed in all tissues and developmental stages
tested. Both xrpl and nrpl are most similar to nuclear RNA
binding proteins (hnRNPs; Fig. 5), and because of this sequence

similarity nrpl was classified with the hnRNPs in our original
report (6) as well as in a recent compilation (23). On the basis
of the results shown in Figure 8 this conclusion appears to be
incorrect, casting doubt on the functional classification of RRM
proteins solely on the basis of sequence relationships. The nrpl
and xrpl proteins may regulate events in RNA metabolism that
occur in the cytoplasm such as localization of specific mRNAs
within the cytoplasm, transport of RNAs after their exit from
the nucleus, cytoplasmic polyadenylation, and regulation of
translation. Alternatively, these proteins may after all function
in the nucleus, but nuclear localization may occur only at certain
developmental stages or in certain tissues. A number of proteins
contain nuclear localization signals that are regulated in different
tissues and developmental stages (49,50). The most dramatic
example of regulated localization is provided by the product of
the dorsal gene, which is nuclear in ventral cells but cytoplasmic
in dorsal cells of Drosophila embryos (49,50). In addition, the
localization of a protein may depend on the synthesis of its target
RNA, as is the case with some snRNP proteins whose localization
depends on the expression of their corresponding snRNA (51).
In the case of nrp 1 and xrp 1 proteins, however, preliminary
experiments (unpublished observations) have suggested a

cytoplasmic localization in Xenopus embryos, similar to the
situation in oocytes.
Are the functions of nrpl and xrp] similar? A possible

hypothesis in favor of such an interpretation holds that the xrp 1

protein has a ubiquitous function in RNA metabolism, while the
nrpl protein carries out the analogous function in the nervous

system. If the nrpl and xrpl proteins have in fact similar
functions, it remains unclear why the brain should express both;
however, it is possible that the expression of nrpl and xrp] is
cell type-specific within the nervous system, leading to non-

overlapping patterns for the two genes. Alternatively, nrpl may
have evolved a more specific function that is needed for a

specialized RNA processing event that occurs only in the nervous

system. In either case, identification of other proteins and/or RNA
species that interact with the nrp or xrp protein should provide
clues to their functions.

Diversity of core hnRNP proteins in Xenopus
We propose that the Xenopus hnRNP A2 gene is the homolog
of the human A2/B 1 gene. The Xenopus A2 gene encodes
proteins with alternative peptide inserts within the glycine-rich

domain; similar alternative products are seen in the human A1
gene (17). However, the difference between the mammalian B1
and the A2 protein is a 12 aa insert near the amino terminus (13);
as described above, the corresponding alternative product appears
to be absent from Xenopus. With the identification of the A3 gene
it appears that Xenopus contains at least three closely related
hnRNP genes whereas only two have been identified in mammals
within this subgroup (the Al and A2/B 1 genes). It is possible
that the frog A3 protein may perform the function served by the
B1 isoform in mammals. Alternatively, the A3 gene may have
evolved separately in a lineage leading to Xenopus, or the
corresponding mammalian gene may exist. For example, the A3
protein may be the homolog of the human B2 protein for which
no cDNA has been identified.
Monoclonal antibodies against hnRNP proteins detected

multiple reactive proteins in Xenopus cell lines (21,52). We do
not know whether the Xenopus cDNAs isolated so far (i.e., Al,
A2, A3, and Cl /C2) account for this diversity. A minor core
hnRNP protein with two RRMs, the human hnRNP AB protein
(earlier referred to as the hnRNP C3 protein (46,53)), is only
37% identical to the Xenopus hnRNP A3 protein. The human
hnRNP AB gene has a different domain structure in that the amnino
terminal sequence upstream of the RRMs is longer than in the
hnRNP A/B proteins, and it lacks a long glycine-rich carboxy
terminal domain (46,53). It remains to be seen if a Xenopus
homolog of this gene exists. In Drosophila, a family of at least
five genes encodes the major hnRNP core proteins, with no clear
indication from sequence similarity to suggest which gene may
be the homolog of which mammalian gene (18,19,21,54). Using
an experimental definition of an hnRNP as the association of a
protein with nuclear pre-mRNA, a large number of hnRNP
proteins have been described in humans and flys (55,56),
including some that are encoded by the hnRNP A/B family, others
with RRMs diverged from the hnRNP A/B type (57,58), and
still others that do not contain RRMs (59,60).
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